The exhaust emissions from a single-cylinder version of a heavy-duty diesel engine with exhaust gas recirculation (EGR) were studied using 12 diesel fuels derived from oil sands and conventional sources. The test fuels were blended from 22 refinery streams to produce four fuels (two from each source) at three different total aromatic levels (10, 20, and 30% by mass). The cetane numbers were held constant at 43. Exhaust emissions were measured using the AVL eight-mode steady-state test procedure. PM emissions were accurately modeled by a single regression equation with two predictors, total aromatics and sulphur content. Sulphate emissions were found to be independent of the type of sulphur compound in the fuel. NO x emissions were accurately modeled by a single regression equation with total aromatics and density as predictor variables. PM and NO x emissions were significantly affected by fuel properties, but crude oil source did not play a role.
INTRODUCTION
The diesel engine's high power density and fuel conversion efficiency makes it an attractive power source for the transportation sector. Diesel-powered vehicles emit higher levels of particulate matter (PM) and oxides of nitrogen (NO x ) than vehicles powered by spark-ignition engines, however, which has led to environmental concerns. Although the diesel combustion process involves complex physical and chemical processes that are not completely understood, technology advances over the past 15 years have led to nearly one order of magnitude reduction in PM and NO x emissions. Furthermore, new regulations in North America call for another order of magnitude reduction in these two emissions by the year 2010.
Although exhaust emissions from diesel engines are determined primarily by engine design, fuel properties do have a measurable impact. In 1995, the National Research Council Canada (NRC) initiated a collaborative research program to investigate the emissions behaviour of Canadian diesel fuels, particularly those containing oil sands components. The oil sands deposits in Alberta contain approximately 1.6 trillion barrels of bitumen, a naturally occurring viscous mixture of hydrocarbons. Approximately 20% of these bitumen reserves are recoverable with current technology. The oil sands industry produced 800,000 barrels of crude oil per day (31% of Canadian oil production) in 2002 and production is expected to increase to almost 2 million barrels per day by the year 2011 [1] . It is estimated that 75% of the oil sands production in 2010 will be pipelined to the U.S. market.
The unique characteristics of oil sands derived crude reflect the bitumen source and the upgrading processes that the bitumen undergoes before it is pipelined to the refinery. The oil sands derived crude used in this study has low sulphur content and very good low temperature properties. Compared to conventional crude, oil sands crude tends to have more cycloparaffins and monoaromatics.
Li et al [2] compared the exhaust emissions of 12 diesel fuels derived from oil sands and conventional sources in a single-cylinder version of a Volvo TD123 heavy-duty engine. The fuels had three levels of total aromatics (10, 20 , and 30% by mass). The fuels derived from oil sands sources produced 5-10% higher sulphate-corrected PM emissions, which were attributed to their higher densities. The NO x emissions from the engine depended on fuel density and total aromatics, but not on the crude oil source. Mitchell [3] tested a subset of the fuels from [2] in a number of multi-cylinder engines to confirm the singlecylinder engine results.
The focus of the present study is to compare the emissions behaviour of the same 12 test fuels in a prototype year 2004 heavy-duty diesel engine equipped with exhaust gas recirculation. In particular, the objectives were to determine whether or not PM and NO x emissions from a modern diesel engine are influenced by crude oil source and total aromatic content.
EXPERIMENTAL SET-UP

RESEARCH ENGINE AND INSTRUMENTATION
A single-cylinder version of Caterpillar's 3400-series heavy-duty diesel engine was used for this research. The engine has a displacement of 2.44 litres, electronicallycontrolled fuel injection, four valves, and produces 74.6 kW at 2100 rpm. Further engine configuration details may be found in Table 1 . The base engine is representative of Caterpillar's engine technology for the 1994-1997 model years.
Simulated turbocharging with intercooling was accomplished by supplying compressed and temperature-controlled air to the research engine. An air surge tank at the inlet to the engine prevents pressure pulsations from disturbing airflow measurement or charge pressure control. The exhaust system has been fitted with a back pressure valve to provide a cylinder pressure pumping loop similar to that of the parent engine. A tank in the exhaust line reduces pressure pulsations and provides complete mixing of the exhaust gases before sampling. Exhaust gas recirculation (EGR) appears to be the method of choice for reducing NO x emissions from heavy-duty diesel engines to meet the year 2004 regulations in North America. For this study, a prototype cooled EGR system was produced by connecting the exhaust and intake surge tanks to one another. The EGR system is activated by restricting the engine exhaust to raise the back pressure above the intake air pressure. The EGR is driven by the pressure differential between the exhaust and intake surge tanks and is regulated by a flow control valve. Cooling of the recirculated exhaust gas is accomplished by a tube-and-shell heat exchanger supplied by Caterpillar Inc. The EGR rate, defined as the volume percentage of the intake air charge that is exhaust products, is calculated as follows (1) A heated probe was mounted downstream of the exhaust surge tank to sample the gaseous emissions. The emissions instrumentation (Rosemount, model NGA 2000) consists of a chemiluminescent analyzer for oxides of nitrogen (NO x ), a flame ionization total hydrocarbon (HC) analyzer, a non-dispersive infrared carbon monoxide (CO) analyzer, and a paramagnetic oxygen (O 2 ) analyzer. Non-dispersive infrared analyzers are used to measure the carbon dioxide (CO 2 ) concentrations in the engine intake and exhaust streams (Rosemount, model NGA 2000) . A schematic of the emissions instrumentation is provided as Figure 1 .
Engine particulate matter (PM) is collected using a fully automated particulate sampling system (Sierra Instruments Inc., model BG-2). The system operates by diluting a portion of the exhaust gas stream with a measured amount of dry, hydrocarbon-free air in a patented dilution chamber and passing the dilute exhaust gas through a pair of 90-mm filter membranes (Pallflex, fiberfilm T60A20). The dilution ratio of the chamber is 
TEST FUEL DESIGN AND BLENDING
Shell Canada Products blended 12 test fuels using refinery streams produced in Canada [2] . Six of the test fuels were blended using fuel components derived from oil sands sources, while the other six fuels were derived from conventional crude oil sources. The blending was designed to produce four fuels (two each derived from oil sands and conventional sources) at three levels of total aromatic content (10, 20 , and 30% by mass) subject to the following constraints:
• the target cetane number was 43;
• the sulphur content was less than 500 ppm by mass;
• fuel properties such as viscosity, cloud point, and distillation range were maintained within the typical range of commercial diesel fuel in Canada; and • at each total aromatics level, the distillation curves of the two fuels from the same source were varied as much as possible.
The test fuels were coded as "S" (for oil sands derived) or "C" (conventional crude derived); 10, 20, or 30 for the nominal total aromatics content; and "A" or "B" to differentiate different blends with the same crude source and total aromatic content. Test fuels S20B, S30A, and S30B had 0.071, 0.138, and 0.090% by volume of 2-ethyl hexyl nitrate (EHN) cetane improver added to achieve the target cetane number. Selected properties of the test fuels are provided in Tables A-1 and A-2.
TEST PROCEDURE
The AVL eight-mode steady-state simulation [5] of the U.S. EPA Transient Test Procedure was used. The emissions measured at each of the eight speed/load conditions are multiplied by a mode weight, as indicated in Table 2 , and summed to produce composite emissions. It should be noted that the mode weights do not sum to unity because the motoring portions of the EPA transient test procedure are assumed to generate negligible emissions. The weighting scheme of the AVL steady state simulation was designed to produce gaseous emissions that are comparable to those obtained using the U.S. EPA Transient Test Procedure. The steady-state simulation does not measure transient engine behaviour, which contributes significantly to PM emissions. However, previous research has shown that the eight-mode test procedure produces the correct emission trends [3] .
Brake power settings were obtained by determining the fuelling rates in the parent engine (model year 2000, 373 kW) at the eight modes and then by recording the torque produced by the research engine at the same fuelling rates when operated with a reference fuel. The EGR settings and fuel injection timings were selected to limit the NO x emissions to 2.5 g/hp-hr and minimize PM emissions [6] . The engine and environmental settings for the eight modes are provided in Table 2 . The brake torque produced by the engine at each mode is approximately one-sixth of that of the parent engine. However, differences in frictional losses between the single-cylinder and parent engines resulted in minor torque scaling discrepancies. 
RESULTS AND DISCUSSION
MEASUREMENT REPEATABILITY A winter-grade low-sulphur diesel fuel obtained from a local supplier was used as the reference fuel. Selected properties of the reference fuel are provided in Table A-3 . The reference fuel was tested a total of seven times during the time period that the experimental program was run to ensure that the engine and instrumentation were functioning properly. The experimental data obtained during these tests were used to estimate the repeatability of the composite emissions measurements. The data were analyzed statistically to determine if there were any systematic drifts in the PM and NO x emissions during the test period.
The mean, standard deviation (s.d.), and coefficient of variation (c.v.) of the four regulated exhaust emissions and BSFC are shown in Table 3 . The coefficients of variation of the reference fuel composite emissions, expressed as percentages, are 4.0% for PM, 0.5% for NO x , 10.5% for HC, and 2.9% for CO. There were no systematic trends in the emissions data.
COMPOSITE EMISSIONS OF THE TEST FUELS
The 12 fuels were tested in a random order, except that pairs of fuels having the same total aromatic content but derived from different sources (oil sands or conventional) were run back-to-back in the engine. The composite emissions from the engine are provided in Table 4 . The emissions ranged from 0.059 to 0.079 g/hp-hr for PM and from 2.21 to 2.56 g/hp-hr for NO x .
Although the test fuels were designed to compare oil sands and conventional derived fuels at three levels of aromatics, Pearson correlation coefficients between fuel properties and exhaust emissions are provided in Table A-4 . Amongst the fuel properties, it is important to note that there was a 0.67 correlation coefficient between density and total aromatic content for the 12 test fuels. Also, there was a 0.74 correlation coefficient between fuel sulphur content and poly-aromatics, defined in this study as aromatics with two or more ring structures. The composite PM emissions correlated strongly with fuel total aromatic and sulphur contents. Not surprisingly, fuel mono-and poly-aromatic contents were also highly correlated with PM emissions. The composite NO x emissions correlated strongly with fuel total aromatic content and density. It is well known that fuel-bound sulphur is oxidized to form a sulphuric acid aerosol (sulphates) inside the combustion chamber of diesel engines and that a fraction of the sulphates condense on PM filters [7] [8] [9] . Since it is generally not possible to control the sulphur content of test fuels derived from refinery streams, the experiment was designed to take sulphate emission variations between test fuels into account so that the effects of other properties are not masked.
The effect of fuel-bound sulphur on PM emissions was studied by doping two low-sulphur base fuels with various quantities of single-and four-compound sulphur dopants. The objectives were to decouple the relationship between fuel sulphur content and total aromatics and to compare two different sulphur dopants. In the first experiment, different quantities of di-tertiarybutyl disulphide were added to a base fuel, derived from oil sands sources, containing 8-ppm sulphur by mass. In the second experiment, a four-compound sulphur dopant was added to a base fuel from the DECSE program [10] containing 3-ppm sulphur by mass. Except for the sulphur content, the DECSE base fuel was blended to be representative of diesel fuels in the United States. The composition of the four-compound sulphur dopant was dibenzo[b]thiophene (50% of total sulphur by mass), benzo[b]thiophene (30%), di-tertiary-butyl disulphide (10%), and ethyl phenyl sulphide (10%) [10] . Selected properties of the two base fuels are provided in Table A- sulphur compound in the fuel. Accordingly, the data from the two experiments were combined to estimate the influence of fuel sulphur on PM emissions. The increase in PM emissions due to fuel sulphur was estimated to be 1.7x10 -5 g/hp-hr-ppm. Sulphate-corrected PM emissions from the engine are obtained by subtracting 1.7x10
-5 x fuel sulphur content (ppm by mass) from the measured PM emissions. Figure 3 is a graph of the sulphate-corrected composite PM emissions for the reference and test fuels. The sulphate corrections to the PM emissions were larger for the test fuels derived from conventional crude sources due to their higher sulphur contents. Sulphate-corrected PM emissions increased as total aromatic content increased from 10 to 30% for both the conventional and oil sands derived test fuels. A regression equation was fit to the test fuel data. The regression line, shown with the corresponding 95% confidence interval, fits the data well given the measurement repeatability for PM emissions. The figure shows that sulphate-corrected PM emissions from the engine depend on fuel total aromatic content. Li et al [2] observed a positive correlation between PM emissions and total aromatic content for the same fuels tested in a Ricardo Proteus engine. In the earlier study, however, the test fuels derived from oil sands sources had 5-10% higher PM emissions at a given total aromatic content, which were attributed to their higher densities. Fuel density did not have the same influence on PM emissions from the research engine used in the current study. Figure 4 is a graph of the composite NO x emissions for the reference and test fuels. The graph shows that NO x emissions increase as the fuel total aromatic content increases from 10 to 30%. In general, the oil sands derived test fuels had slightly higher NO x emissions at a given total aromatic level. This trend was observed previously for the same test fuels in a Ricardo Proteus engine [2] and was attributed to the higher density of the test fuels derived from oil sands sources at a given total aromatic content. Figure 5 shows that the test fuels derived from oil sands sources had lower NO x emissions at a given fuel density. This is presumably due to the lower total aromatics of the oil sands derived test fuels at a given density.
The research engine used in the current study has electronic fuel injection, high levels of turbocharging, and EGR. The engine has a very short delay period between the start of fuel injection and ignition under most operating conditions. This results in a combustion process that is predominantly controlled by the diffusion of fuel and air. Figure 6 shows an average apparent mass burn rate at a high-speed high-load operating condition (mode 8) when operated with the reference fuel. The small peak in the mass burn rate that corresponds to pre-mixed combustion is evidence that the combustion process is diffusion-controlled. The fuel injection system in the Ricardo Proteus engine used in the previous study [2] , on the other hand, has an in-line fuel injection pump. The fuel injection timing in engines 
REGRESSION ANALYSES
Regression analyses were performed to develop models that explain the composite PM and NO x emissions from the engine for the 12 test fuels. The analyses were performed using Systat  (Systat Software Inc.), a statistical and graphical analysis package. The fuel properties listed in Table A-4, with the exception of cetane number, were considered for inclusion in the models. A backward stepwise regression procedure was used to select variables for the model. Variables were removed from the model when the p-values associated with its regression coefficient were greater than 0.01. The resultant equations are summarized in Table 5 . The PM emissions model has two independent fuel properties, namely total aromatics and sulphur content. The adjusted R 2 for the regression equation is 0.82 and the root mean square error (MSE) of the estimator is 0.0024 g/hp-hr. The coefficient of the fuel sulphur variable in the regression model is 3.3x10 -5 g/hp-hr-ppm. This coefficient is significantly higher than the 1.7x10 -5 g/hp-hr-ppm coefficient measured in the sulphur doping experiments. The discrepancy may be due to a correlation between sulphur content and another fuel property, possibly fuel poly-aromatics.
A comparison between the predicted and measured composite PM emissions for the 12 test fuels, the two base fuels, and the reference fuel are provided in Figure  7 . The model over-predicted the PM emissions for the three fuels not used to develop the PM regression model. This may be due to the limited number of fuel properties in the model or uncertainties in the model coefficients. The oil sands base fuel had a higher total aromatic content than any of the test fuels used to develop the model.
The regression analysis of NO x emissions produced a model with total aromatics and density as the two significant fuel properties. It should be noted that the 90% distillation temperature (T90) would also appear in the model if a 0.05 level of significance were used instead of 0.01. The adjusted R 2 for the regression equation in Table 5 is 0.95 and the root mean square error (MSE) of the estimator is 0.024 g/hp-hr. Figure 8 compares the predicted and measured composite NO x emissions for the same 15 test fuels. The model does a reasonable job of predicting the NO x emissions for all fuels considered.
The regression models for PM and NO x emissions were modified by the addition of a predictor variable denoting the crude oil source. The variable was set to zero for the test fuels derived from conventional sources and to unity for the test fuels derived from oil sands sources. The regression coefficients were computed for the modified models and are summarized in Table 6 . In both cases, the p-values for the crude source variables exceeded 0.50 and resulted in a regression equation with a slightly higher root mean square error. Thus, the regression models in Table 6 are inferior to those presented in Table  5 . This provides strong evidence that the PM and NO x emissions from the research engine are determined by key fuel compositional properties. Crude oil source did not significantly affect the PM or NO x emissions from the engine.
SUMMARY AND CONCLUSIONS
The exhaust emissions from a single-cylinder version of a modern heavy-duty diesel engine equipped with exhaust gas recirculation were measured using 12 diesel fuels derived from oil sands and conventional sources.
The test fuels consisted of four fuels, two each derived from oil sands and conventional sources, at three total aromatic levels. Two base fuels were also tested in the engine with various quantities of single-and fourcompound sulphur dopants added. The cetane numbers of the test fuels were held constant at 43. The AVL eightmode steady-state simulation of the U.S. EPA heavyduty transient test procedure was employed.
A reference fuel was run periodically in the engine to estimate the repeatability of the emissions measurements and to ensure that the engine emissions were not drifting over time. The coefficients of variation of the emissions measurements for seven experiments conducted with the reference fuel were 4.0% for PM and 0.5% for NO x . No systematic drifts in the emissions data were observed.
The following conclusions were drawn based on an analysis of the experimental data for the test fuels investigated in this study: 
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